GaN is a promising material to be used in radiation particle detection on the virtue of its high displacement energy (E d ) of 20 eV, which is higher than Si (12 eV), GaAs (9.8 eV) 1 and other wellknown semiconductors. B. D. Weaver et al. has reported that GaN can withstand 10 times higher radiation particle dosage in comparison to GaAs 2 hence improving the lifetime of the detector. So far, Schottky barrier diode (SBD) based radiation detectors were typically fabricated on a hetero-epitaxially grown GaN on Sapphire substrates. C. H. Lin et al. studied GaN SBD based radiation detectors with high reverse leakage current (I R ) (>1 mA/cm 2 at -4 V) and low barrier height (Φ B ) (0.6 eV) with a 2 µm drift-layer thickness (DLT). 3 Although J. Wang et al. 4 used a thicker DLT of 12 µm, the leakage current was still as high as 0.1 mA/cm 2 even at -4 V, which led them to conclude that the high reverse leakage current was primarily due to the high threading dislocation density (TDD) (>10 8 /cm 2 ). The reduction of TDD is required to minimize the leakage current and expand GaN's application as a radiation detection material. 4 With the technological improvement, researchers have realized free-standing GaN substrates with low TDDs <10 6 /cm 2 using hydride vapour phase epitaxy (HVPE). N. Tanaka et al. reported lower reverse leakage current of 26.5 µA/cm 2 (at -400 V) for SBDs with 10µm DLT. 5 In addition, improved ideality factor (n) of 1.01 to 1.05 6, 7 and Φ B of 0.74 eV to 1.15 eV 8, 9 were also reported on a vertical GaN-on-GaN SBDs. DLT plays a vital role in determining the maximum energy of the radiation particle that can be detected. Q. Xua et al. has reported a requirement of 19µm DLT for high energy (5.5 MeV) α-particles detection. 10 Fig. 2(a) ). This could be due to saturation in the tunneling current for DLs greater than 15 µm in the devices. Lower I R with increased DLT could be attributed to the increased series resistance, improved crystalline quality and improved surface morphology of the wafer. 13 Higher values of forward saturation current density (0.226 A/cm 2 ) were observed in SBDs with DLT of 2 µm when compared to the SBDs with DLT of 5 µm, 15 µm and 30 µm (see Fig. 2(b) ). This decrease in current density with the increase of DLT is primarily due to the reduction of available charge carriers in the thick DLs thus resulting in the increased series resistance.
The values of n and Φ B were extracted from measured I-V characteristics using Eqs. (1) and (2) below:
(1)
where Isat is the forward saturation current, A is the diode contact area, K is the Boltzmann's constant and A * is the Richardson's constant with a theoretical value of 26.9 A/cm 2 K 2 . with DLTs of 2 µm (1.1), 5 µm (1.02), 15 µm (1.03), 30 µm (1.09) could signify the formation of a high-quality interface between Ni and GaN. 15 The observation of higher n value in SBD on a GaN substrate (without DL) is due to the increase of charge carrier density at 17 enhanced tunnelling current through surface states, 18 or presence of oxide layer. 19 However, the Schottky interface unlikely to have any oxide layer since it would have affected both the n and Φ B . The similarity in extracted Φ Beff and A * of SBDs on different DLT signifies that no dependence of DLT on extracted Φ Beff and A * . Figure 5 shows the semi-log and linear (inset) V BD characteristics of the fabricated vertical GaN SBDs with different DLTs. The SBDs on 2 µm, 5 µm, 15 µm, 30 µm DLTs exhibited V BD of 562 V, 782 V, 1480 V and 2400 V, respectively. SBDs with 30µm DLT exhibit the highest ever reported V BD of 2400 V on the virtue of their thicker DLT which results in thicker depletion width (DW). Figure 6 shows the plot of V BD vs DLT of our SBDs and compares them with several state-of-the-art reported vertical SBDs. 5, 7, [20] [21] [22] [23] [24] [25] [26] Saitoh et al. realized a V BD value of 1100 V for the SBDs with DLT of 5 µm after the incorporation of a field plate (FP). 20 However, our SBDs with 5 µm DLT exhibit similar V BD without any additional edge termination or FP. D. Shibata et al. has employed junction barrier Schottky (JBS) with p-type termination and 13 µm-thick DL and realized a V BD value of 1600 V. 21 Improved V BD measured on our SBDs with different DLT could be due to the observation of lower effective donor concentration in the MOCVD grown GaN DLs.
To verify the lower effective donor concentration in the MOCVD grown GaN DLs, C-V measurements were performed (figure not included) on the fabricated SBDs. It exhibited a constant capacitance value for different bias conditions, which could be due to the complete depletion of the grown DL. The DW values of the formed GaN SBDs were also obtained and listed in Table I using the equation (3) .
where εo is the permittivity of free space, εs is the dielectric constant of GaN (8.9), A is the area of the diode and C is the measured capacitance at 0 V. In order to measure the total effective donor concentration (N D ) of the grown GaN DLs, SIMS measurements were also performed on all samples. The extracted N D by SIMS is the lowest reported for MOCVD grown GaN DL on free-standing GaN ARTICLE scitation.org/journal/adv substrates (see Table I ). This is also in good agreement with the suppression of the I R (see figure 2(a) ) and enhancement of V BD (see figure 6 ). To verify the DW calculated by equation 3, DW was also calculated with the help of SIMS measured N D and supply voltage using the equation (4) . where V is the applied reverse voltage, N D is the effective donor concentration, q is the electronic charge. The calculated DW from equation (4) is slightly larger than the grown DLT, which can be correlated well with the full depletion of grown GaN DL. In summary, we have investigated the influence of GaN DLT on the fabricated vertical GaN SBDs on free-standing HVPE grown GaN by measuring I-V, I-V-T and V BD characteristics. The measured Schottky parameters n, Φ B , Φ Beff and A * of the SBDs are found to be independent of DLT. The measured V BD of 2400 V is the highest ever reported value for the vertical GaN-on-GaN SBDs without any additional edge termination or field plate. The improved V BD in vertical GaN-on-GaN SBDs could be due to lower effective donor concentration in the MOCVD grown GaN DLs. The observation of lower effective donor concentration in the grown GaN DLs was also confirmed by SIMS measurements. These results show that the vertical SBDs with thicker DLT is a viable method to realize lower I R and enhanced V BD performances for improved radiation sensing applications.
